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MHC molecules in health and disease
At the cusp of a paradigm shift
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Half a century after the major histo-
compatibility complex (MHC) was
discovered, its functional roles in health
and disease remain poorly understood.
Many hallmarks of the MHC, includ-
ing its unusual evolution, structure-
function properties of its gene products
and allele-specific associations with doz-
ens of diseases and health traits cannot
be convincingly explained by the tenets
of existing paradigms. It is therefore
becoming increasingly apparent that in
order to better understand MHC-health/
disease association—a phenomenon that
impacts the health of millions—hetero-
dox ideas are critically needed. Here we
propose a testable, novel theory concern-
ing the functional role of MHC molecules
in health and disease. At the focus of this
theory is an evolutionarily-conserved,
tri-dimensional cusp-like prominence
(‘kink’), found in the midst of one of the
two « helices that form the perimeter of
the groove of all MHC molecules. Based
on structural, functional and evolution-
ary considerations, as well as our recent
experimental data, it is proposed here
that the MHC cusp region is enriched in
allele-specific signal transduction ligands
that interact with non-MHC cell surface
receptors and trigger signaling events.
Aberrations in these pathways could lead
to disease development, or affect the
severity of such diseases.

Introduction
Borrowing a phrase from Sir Winston
Churchill, the major histocompatibility

complex (MHC) is a riddle wrapped in a
mystery inside an enigma. Half a century
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after the MHC was discovered, its func-
tional roles in health and disease remain
poorly understood. Many hallmarks of the
MHC, including its unusual evolution,
unclear structure-function properties and
enigmatic allele-specific associations with
dozens of diseases and health traits cannot
be convincingly explained by the tenets of
existing paradigms. It is therefore becom-
ing increasingly apparent that in order to
better understand MHC-health/disease
association—a phenomenon that directly
impacts the health of millions—heterodox
ideas are critically needed. Here we pro-
pose a testable, novel theory concerning a
previously unrecognized functional role of
MHC molecules in health and disease.

Beyond the Groove

The MHC encompasses some of the most
polymorphic gene loci in vertebrates.
For example, the 2010 WHO HLA
Nomenclature' lists 53 genes that account
for over 4400 HLA (human leukocyte
antigen) alleles. The best-characterized
function of MHC-encoded molecules is
the presentation of antigenic peptides to T
lymphocytes in a stringent sel-EMHC con-
text, a process called “MHC restriction”.?
Notwithstanding the critical importance
of MHC-restricted antigen presentation
in the adaptive immune system, there are
strong indications that MHC molecules
may also perform a variety of important
biologic functions that have little to do
with antigen presentation.

The impetus for the new theory
presented here stems from the grow-
ing realization that the MHC-restricted
antigen presentation paradigm, a Nobel
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Prize-winning discovery that has domi-
nated the field over the past 4 decades, is
incongruent with many observations con-
cerning the epidemiology, biology, structure
and evolution of MHC molecules. The fol-
lowing are few examples of inconsistency:

Dozens of human diseases and health
traits have been shown to associate with
particular HLA alleles. The antigen pre-
sentation hypothesis postulates that the
mechanistic basis of these associations
involves immune response to putative self
or foreign peptides. However, that explana-
tion is not well supported by scientific evi-
dence. For example: (1) Despite decades of
extensive research efforts, the identities of
the putative target antigens remain elusive
in the vast majority of MHC-associated
diseases; (2) There are many alleles that
associate each with several conditions that
do not share pathogeneses, target tissues
or putative antigens; (3) MHC class 1I
alleles known to associate with human
rheumatoid arthritis (RA) contribute to
inflammatory arthritis in mice as well.?
Likewise, susceptibility to inflammatory
arthritis in dogs is associated with class
II MHC alleles containing a sequence
motif known to increase RA susceptibil-
ity in humans, called “shared epitope”
(SE).* Such ‘inter-species susceptibility’
phenomenon is difficult to reconcile with
MHC-restricted ~antigen presentation.
(4) The most significant class II MHC-
disease association documented to date
has been found in narcolepsy,” a condi-
tion that is not known to involve antigen
presentation, (5) MHC associations have
been shown to exist with certain health
traits (e.g., cognition, reviewed in ref. 6)
that do not have any immune basis, let
alone antigen presentation; (6) The anti-
gen presentation paradigm does not offer
a plausible explanation for allele-dose
impact on disease susceptibility and sever-
ity, nor can it explain allele-dose effects on
concordance rates in genetically suscep-
tible monozygotic twins.”

MHC and MHC-like molecules can
perform other functions besides anti-
gen presentation, including regulation of
iron metabolism,® olfaction,’ transport of
immunoglobulins,' activation of innate
immune signaling (certain HLA-DR and
classIMHC molecules, reviewed in ref. 11)
and more. Some of these functions display
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strict allele-specificities, yet are indepen-
dent of the presence or the identity of
groove-bound peptides.

One of the most remarkable hallmarks
of MHC genes is a phenomenon called
species (TSP,

reviewed in ref. 12): the occurrence of

“trans polymorphism”
alleles that are more similar in divergent
species than alleles within each species.
TSP is generated by the passage of alleles
from ancestral to descendant species.
Although the raison d’étre of TSP in the
MHC is unknown, antigen presentation is
an unlikely explanation. If antigen-driven
mechanism had been the cause, the poly-
morphism would have more likely been
species and habitat-specific.

The MHC Cusp Theory

As discussed above, the groove-centric anti-
gen presentation theory lacks explanatory
power in many key questions concerning
the role of MHC molecules in health and
disease. The alternative theory discussed
below could close these explanatory gaps.
At the focus of this theory is a a-helical
‘kink’—a tri-dimensional cusp-like struc-
tural motif—that is shared by all products
of the MHC gene family. It is proposed
here that the MHC cusp could hold the
key to many unanswered questions about
the role of MHC in health and disease.

The MHC Cusp theory states that “the
MHC codes for allele-specific ligands in
the cusp region, which interact with non-
MHOC receptors and activate various path-
ways. Aberrations in those pathways could
cause MHC-associated diseases.”

The rationale for the theory is based
on structural, functional and evolutionary
considerations.

Structure: The first crystal structure
of a class I MHC molecule, published in
1993 by Don Wiley’s group,'” revealed a
remarkable tri-dimensional similarity to a
previously reported class ] MHC molecule.
The degree of the similarity was surprising,
given a substantial evolutionary distance
between the two molecules and the fact
that the peptide-binding groove in class
I molecules is encoded by a single gene,
while in class I it is formed jointly by the
products of two distinct genes. The extent
of evolutionary ‘choreography’ required to
bring these two disparate MHC molecules
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to form a near-identical tri-dimensional
structure is staggering. One of the notable
features of the similarity is a sharp ‘kink’
in the a2 domain of the class I MHC
molecule, which can be almost perfectly
superimposed on a similar ‘kink’ in the
B1 domain of the class II molecule. The
‘kink’ in both molecules involves allele-
diversity regions. Subsequent crystal anal-
yses have shown very similar ‘kinks’ in the
entire MHC gene product family." In all
cases, the ‘kink’ forms a pointed protru-
sion ‘above’ the MHC groove plane that
in a ‘side’ view looks very reminiscent of
a mathematical cusp—a point where two
arcs meet (Fig. 1). The theory discussed
here argues that this allelic polymorphism
cusp-like region may be responsible for
many of the poorly-explained functional
attributes of MHC molecules.

Function: The remarkable conserva-
tion of a uniformly-shaped cusp structure
in the midst of allele diversity regions in
MHC molecules independent of their
antigen presentation capabilities strongly
suggests that this region may possess
important allele-specific, conformation-
ally-dependent non-antigen presentation
functions. Indeed, there are some indica-
tions that the cusp region performs such
functions. For example, in both classical
and non-classical (HLA-E) class I MHC
molecules, the cusp contains ligands for
1516 in HFE (an empty-
grooved human class I-like molecule),
the cusp region interacts with transferrin
receptor.” In M10 (a mouse class I-like
molecule), the cusp region has been pro-
posed as an interaction site with a phero-
mone receptor.'”® Importantly, our group
has recently discovered that the allele-
specific RA-associated shared epitope
(SE), which is located in the HLA-DR
cusp region, is acting as a signaling ligand
for calreticulin, an established innate
immune system receptor.””?® Thus, there
is growing evidence that the MHC cusp
performs several allele-dependent, non-
antigen presentation functions.

Evolution: One of the enigmas sur-
rounding MHC genes is TSP,"? an evo-
lutionary pattern that is difficult to
reconcile with the antigen presentation

NK cell receptors;

paradigm (see discussion above). The
MHC Cusp theory, proposing polymor-
phic regions that interact with non-MHC,
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Figure 1. The MHC Cusp. ‘Top’ (upper part) and ‘side’ (lower part) views of representative products of the class | and class Il HLA gene family. Groove
peptides are shown in pink; receptor-binding AA residues are colored in cyan.

inter-speciously-conserved receptors,
is much more consistent with the TSP
phenomenon. In this context, it is worth
commenting that the modern MHC is
likely a descendent of archaic self-non-self
discrimination systems, which, in turn,
likely evolved from basic cell-cell contact
systems. The MHC Cusp theory argues
that the antigen presentation-independent
functions of the cusp region may have
been preserved through evolution due to
their fundamental biologic properties.

The Rheumatoid Arthritis Shared
Epitope: a Prototypic Cusp Ligand

The MHC Cusp theory proposes that the
cusp region is enriched in ligands that
interact with non-adaptive immune sys-
tem receptors, as suggested by few anec-
dotal examples.”'® Our recent discovery
of the ligand function of the SE"¢ pro-
vides an important impetus to the MHC
Cusp theory. The SE is a five amino acid
sequence motif in the cusp region (resi-
dues 70-74 of the DRB chain) coded
by HLA-DRBI alleles that are carried by
the vast majority of RA patients. The SE
is the single most significant genetic risk
factor for RA.* In addition to increasing
susceptibility to RA, SE-coding HLA-
DRBI alleles have been shown to associate
with more severe disease?® and to exhibit
allele-dose  effect, i.e., patients with 2
SE-coding alleles tend to experience more
severe disease than patients with 1 allele,
who, in turn, have more severe RA than
SE-negative patients.
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The mechanism underlying the effect
of the SE is unclear. The prevailing para-
digms postulate that the SE allows pre-
sentation of arthritogenic self-peptides,”
molecular mimicry with foreign antigens,*
or aberrant T cell repertoire selection.
However, despite its theoretical appeal,
the antigen presentation hypothesis is dif-
ficult to reconcile with the fact that data
supporting antigen-specific responses as
the primary event in RA are inconclusive.
Additionally, several other human diseases
that are unrelated to RA% as well as sev-
eral distinct animal disease models®*373
have been shown to be associated with
SE-encoding DRBI alleles as well. Thus,
the SE associates with a variety of disease
processes that do not share target antigen
or pathogenic mechanisms. These promis-
cuities are incongruent with fundamental
tenets of MHC-restricted antigen presen-
tation theory.

The inconsistencies of SE-RA associa-
tion with the antigen presentation-based
theory have prompted us to examine an
alternative hypothesis concerning the role
of the SE in RA.”?¢ Based on its topology
in the cusp region, where anecdotal cases of
MHC-coded ligands have been previously
identified,”® we postulated that the SE may
be acting as a signal transduction ligand
that can trigger innate immune signaling.
Notably, the cusp in HLA-DR molecules
hosts the third allelic hypervariable region
of the class II B chain, a domain which
has been previously shown to display TSP
characteristics.”” Indeed, the SE has been
previously shown to possess trans-species
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functional properties and associate with
inflammatory arthritis not only in humans,
but also in dogs® and mice.?

Our studies to date2° have substan-
tiated the signaling ligand hypothesis.
Whether expressed in its native confor-
mation on the cell surface; as a cell-free
HLA-DR tetrameric molecule; engineered
into large recombinant proteins; or as a
short synthetic peptide, the SE activated in
all cases nitric oxide (NO)-mediated sig-
naling and production of reactive oxygen
species (ROS) in trans in a strictly allele-
specific manner. SE-triggered signaling
is transduced via cell surface calreticulin
(CRT), a known innate immunity recep-
tor.*” The SE binding site on CRT has
been recently mapped to a well-defined
region in the P-domain of the molecule.”

Directly relevant to the MHC Cusp
theory, our recent data show that the SE
ligand activates an important immune
regulatory function through its effect on
dendritic cells (DCs). DCs have a central
role in immune tolerance and T cell regu-
lation. Their immune regulatory effect
is partially dependent on the tolerogenic
enzyme indoleamine 2,3 dioxygenase
(IDO)." Consistent with the reported
inhibitory effect of NO on IDO* and our
previous findings that the SE ligand acti-
vates NO generation,” we have recently
found that the SE ligand potently inhibits
activation of IDO in DCs. In addition,
the SE activates production of important
pro-inflammatory cytokines, IL-6 and
IL-23.2 IDO inhibition** and increased
IL-6 levels* are known to reduce the
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development of regulatory T cells (Treg).
Therefore, we asked whether the SE inter-
feres with Treg differentiation in vitro. To
this end, naive CD4* T cells were co-cul-
tured with SE-stimulated DCs under Treg
differentiation condition. The results con-
firmed that the SE potently inhibits Treg
cell differentiation.

In addition to inhibiting Treg differen-
tiation, the SE has a reciprocal effect on
IL-17 producing T helper cells (Th17).
SE-treated DCs when co-cultured with
naive CD4* T cells in the presence of

Th17-polarizing condition, induces a
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Figure 2. The role of the MHC cusp in health and disease. (A) Under physiologic conditions, the
cusp region is acting as signal transduction ligand that interacts with cell surface receptors. This
interaction allows activation of important physiologic functions. (B) Over time, due to environ-
mentally-triggered or other stochastic events, the affinity of cusp ligands interaction with their
receptors could increase with resultant aberrant activation of the pathway and development of

MHC-associated disease.

significant increase in the differentiation
of Th17 cells. Moreover, supernatants of
SE-treated DCs co-cultured with CD4*
T cells show higher production of IL-17.
Experiments using CFSE-labeled cells
revealed that the SE decreases Treg and
increases Th17 expansion. Thus the SE
polarization effect on naive CD4* cells is
compounded by its enhancement of their
expansion. Importantly, the SE affects
Th17 differentiation and IL17 production
in vivo as well, as evidenced by expansion
of Th17 and increased IL-17 production
in mice immunized with collagen type 2
in the presence of a SE ligand.

Thus, the SE, a cusp region allele diver-
sity sequence acts as a signal transduction
ligand that activates non-antigen presen-
tation functions through interaction with
a cell surface receptor. Beyond illuminat-
ing an important new role of the SE in RA
pathogenesis, these findings lend support
to the MHC Cusp theory.

Proposed Role of Cusp Ligands
in Health and Disease

The MHC Cusp theory states that in
physiologic cusp
ligands activate beneficial biologic func-
tions (e.g., Th17 polarization by the SE
could improve immune response to patho-

conditions, region

gens). Under certain circumstances, how-
ever, these ligands could trigger excessive
or aberrant signaling events that could
lead to pathology. We propose the follow-
ing model (Fig. 2):

In healthy individuals carrying disease-
associated HLA alleles (e.g., SE-coding
HILA-DRBI alleles) the cusp ligand inter-
acts at low affinity with non-adaptive
immunity cell surface receptors (e.g., CRT
in the case of the SE). This interaction
allows physiologic activation of health-
promoting functional effects (in the case
of the SE-Th17 polarization). We further
propose that over time, due to environmen-
tally-triggered or other stochastic events,
the affinity of cusp ligands interaction with
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their receptors could increase with resul-
tant aberrant activation of the pathway and
development of HLA-associated disease.
In the case of the SE, recent data by our
group suggest that aberrant pathway acti-
vation may be related to posttranslational
CRT modifications that allows enhanced
interaction with the ligand and amplified
signal transduction (unpublished). Given
the known role of Th17 in RA, we are pres-
ently examining the disease-accelerating
effects of the SE in arthritis (de Almeida
DE, et al. unpublished).

Consistency of the MHC Cusp
Theory with Salient Concepts
in the Field

Although the theory discussed here is
seemingly antithetic to the prevailing con-
cepts in the MHC disease association field,
we submit that it is fully consistent with
them. The following paragraphs address
the compatibility between the two theories
in the form of frequently asked questions:

(1) Are the antigen presentation and the
MHC Cusp theories mutually exclusive?
No. They complement each other. Taking
autoimmune diseases as an example: the
existent paradigm may explain antigenic/
target tissue specificity, while the MHC
Cusp theory pertains to antigen-non-spe-
cific features of the response (e.g., T cell
polarization, as this group’s recent findings
demonstrate), which determine the out-
come of the response (autoimmunity ver-
sus tolerance). As an example, the new SE
ligand theory is non-exclusive with other
hypotheses in the field. It is conceivable
that while SE-expressing HLA-DR mol-
ecules are uniquely capable of presenting
joint-specific antigens, thereby determin-
ing the tissue-specificity of the immune
response and its anatomical distribution, it
is the SE ligand function that determines
the outcome of this response by facilitating
Th17 polarization.

(2) Does the cusp region overlap with
TCR binding-sites? In class I MHC
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molecules, the cusp ligand for NK recep-
tors has been previously shown to have dis-
tinct topology from that of TCR-binding
sites.”” As to class IT: (1) TCR binding affin-
ity is rather low and conceivably could be
overcome by higher-affinity receptors. For
example, in our hands, the affinity of the
SE to CRT is ~100-fold higher than TCR-
MHC reported affinities; (2) According to
some reports,’® in autoimmune states, the
TCR binding site on class II MHC mol-
ecules tends to ‘slide’ away from the cusp
region, toward the C-terminus of the 3
chain; (3) Cusp signaling effect could con-
ceivably be more effective in tissue com-
partments where T cells are scarce.

(3) How does the Cusp theory explain
the role of MHC haplotypes in disease-
associations? This could be explained in
two ways: (1) Cusp ligand coded by two
or more MHC genes work synergisti-
cally, antagonistically or in an additive
fashion by activating complementing
pathways that together better carry out
the desired physiologic function. When
pathway aberrations develop, these hap-
lotypic cusp combinations exert greater
impact on disease-causing pathology; (2)
Interaction between a cusp-dependent sig-
naling effect, contributed by one MHC
gene product and antigenic specificity,
contributed by another product. As dis-
cussed in point 1 above, such interactions
are consistent with the non-exclusivity of
the cusp theory with the prevailing anti-
gen presentation-based paradigms.

(4) How does the cusp theory explain
low penetrance of MHC-associated dis-
eases? In the same way as it is explained
by the antigen presentation paradigm:
Disease-associated MHC
determine susceptibility. Disease onset

alleles only
requires a stochastic, possibly environ-
mentally-induced, event.

(50 Why were
cusps preserved? Because they perform
important biologic functions, and because
most MHC-associated diseases develop
late in life and therefore do not affect
genetic fitness.

disease-associated

Summary

Significant progress has been achieved
over the past 4 decades in our understand-

ing of the role of the MHC in health and
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disease. However, many observations
concerning the MHC and its associations
with health traits and diseases cannot be
explained by the tenets of the prevailing
paradigms. Based on functional, struc-
tural and evolutionary considerations,
here we propose a new, MHC Cusp theory
focusing on an evolutionarily-conserved,
tri-dimensional  cusp-like prominence,
found in the midst of one of the two a
helices that form the perimeter of the
groove of all MHC molecules. The MHC
Cusp theory asserts that these regions host
signal transduction ligands that activate
MHC-associated biologically important
pathways. Aberrations in these pathways
could lead to MHC-associated diseases. As
a prototypic example illustrating the pro-
posed mechanism, we discuss our recent
findings with the SE, a cusp region motif
that has been recently found to function
as an innate immune system ligand that
help polarize the immune response in

favor of Th17 cells.
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